Electrospray ionization of methanolic solutions of p-hydroxyphenacyl derivatives HO-C 6 H 4 -C(O)-CH 2 -X (X = leaving group) provides abundant signals for the deprotonated species which are assigned to the corresponding phenolate anions − O-C 6 H 4 -C(O)-CH 2 -X. Upon collisional activation in the gas phase, these anions inter alia undergo loss of a neutral "C 8 H 6 O 2 " species concomitant with formation of the corresponding anions X − . The energies required for the loss of neutral roughly correlate with the gas phase acidities of the conjugate acids (HX). Extensive theoretical studies performed for X = CF 3 COO in order to reveal the energetically most favorable pathway for the formation of neutral "C 8 H 6 O 2 " suggest three different routes of similar energy demands, involving a spirocyclopropanone, epoxide formation, and a diradical, respectively.
Introduction
p-Hydroxyphenacyl derivatives HO-C 6 H 4 -C(O)-CH 2 -X (1) bearing a suitable leaving group X undergo an efficient photoreaction in water to yield the phenylacetic acid (2) via initial formation of a biradical (3), followed by ring closure to a cyclopropanone (4), and subsequent hydrolysis to 2. Overall, the sequence 1 → 2 corresponds to a photo-Favorskii rearrangement. A competing reaction, the decarbonylation to the quinomethane 5, also takes place, followed by hydration to yield the corresponding p-hydroxybenzyl alcohol 6 (Scheme 1). 1 has therefore been the subject of intense research in the last years. 3, 4 While transient absorption spectroscopy has provided deep insight into the photochemical reaction, 1-4 the precise mechanism of the complex rearrangement is still a matter of debate. 5 Herein, we report the results of some mass spectrometric experiments which deal with free − O-C 6 H 4 -C(O)-CH 2 -X ions in the gas phase. 6, 7 Consideration of the unsolvated ion represents, of course, a major change when comparison is made with condensed-phase chemistry in many respects. Moreover, in the studies described below we use collisional heating, rather than the photoexcitation applied in Scheme 1. Most important in the specific context is that water has been shown to play a critical role in the photocleavage of the title compounds in solution, whereas the gaseous ions investigated below are unsolvated. Notwithstanding these differences, the gas-phase experiments can allow for the determination of the intrinsic reaction mechanism as well as their energetics and to directly compare these with theoretical results. 8 Our original intention was actually to explore the gas-phase chemistry of the ionized compounds (either cations or anions) in order to find a suitable system for probing the Favorskii-type photochemistry that occurs in solution in a "gas-phase photochemical experiment". 9 It was found, however, that simple deprotonation to the corresponding phenolate ion and their subsequent collision-induced fragmentation reactions bear an analogy with the formal Favorskii-type process observed in solution-phase photolysis. Furthermore, regardless of their possible relevance to condensed-phase processes, the fragmentations of the phenolate anions are of interest on their own.
Results and discussion
Upon collision-induced dissociation (CID) of the mass-selected ions in an ion-trap mass spectrometer, each of the p-hydroxyphenacyl derivatives studied that bears a reasonably good anionic leaving group showed dissociation according to reaction (1).
(1)
The mass spectrometric experiments reported here do not reveal any information about the nature of the neutral species "C 8 H 6 O 2 ", which does not even need to be an intact entity. A more definitive assignment by mass spectrometric means would require more sophisticated methods, 10, 11 which cannot be applied in this particular case due to instrumental limitations. By reference to the already existing mechanistic knowledge summarized in Scheme 1, the "C 8 H 6 O 2 " species could thus correspond to either the biradical 3, the cyclopropanone 4, the quinomethane 5 as the product of decarbonylation, or as other alternatives, such as the oxirane 7 or the ketene 8, which can be formed via hydrogen migration following a Favorskii-type rearrangement. These structural alternatives are shown in Scheme 2; note that the location of the radical centers in 3 is only formal and the spin is likely to be located within the aromatic ring system. 12 When comparisons are made with condensed-phase experiments, it is important to note that water is not involved in these gas-phase studies. Though traces of water are present as a background in the ion-trap mass spectrometer and react with the primary product ions at extended timescales, the energizing collisions in the CID experiments occur with the helium bath gas. Therefore, the subsequent hydrolysis reactions of neutral "C 8 H 6 O 2 " to phenylacetic acid 2 or of the quinomethane 5 to 6 do not play a role for the gas-phase fragmentations.
As an example, the ion abundances in the energy-resolved CID spectra of mass selected − O-C 6 H 4 -C(O)-CH 2 -OP(O)(OEt) 2 are summarized in Figure 1 . At low collision energies, no fragmentation takes place. Starting from an appearance energy of about AE = 2.4 eV, the formation of − OP(O)(OEt) 2 concomitant with loss of neutral C 8 H 6 O 2 is observed and then rapidly gains in intensity. Slightly above 3 eV collision energy, the parent ion nearly disappears. With a branching ratio (BR) of a 2 % for X = OP(O)(OEt) 2 , the loss of the corresponding acid (i.e. HOP(O)(OEt) 2 ) with concomitant formation of an ion with m/z 133 (i.e. deprotonated C 8 H 6 O 2 ) is observed. Within the experimental error the fragmentation thresholds of these two channels are identical, which might hint at the proposed mechanism (see below). Of particular note is the relatively steep rise of the fragmentation yield with increasing collision energy, indicating that the fragmentation reaction involved in reaction (1) is not subject to any pronounced entropic or kinetic restrictions that are likely to arise from atom-or group transfer reactions, more complex structural rearrangements, or changes in spin state.
As detailed in the introduction, the title compounds undergo a very effective photolytic cleavage in the condensed phase. Given the fact that the energies of about 2 eV required for fragmentation of the isolated ions in the gas phase are much lower than the energy of the mid-UV photons (about 4 eV) typically used in photodeprotection, two obvious questions arise.
• Could the reaction be initiated by a photo-induced deprotonation of the phenol, followed by a nucleophilic attack starting from the phenoxide ion to displace the leaving group and form 4 or 7?
• Can intersystem crossing of thermally excited phenoxide ions serve as a plausible explanation for the facile fragmentation of gaseous
Similar to the example shown in Figure 1 , we investigated several other − O-C 6 H 4 -C(O)-CH 2 -X ions made by ESI of the corresponding p-hydroxyphenacyl derivatives in the negative ion mode. For all ions investigated, the CID breakdown behavior can be reproduced reasonably well with simple sigmoid fits and the relevant branching ratios and appearance energies are summarized in Table 1 .
Interestingly, all fragmentation channels for an ion with a given X start at the same appearance energies (within the experimental error), suggesting that the threshold values are subject to a common, kinetically-controlled step (e.g. the barrier of a Favorskii-type process). In this context, we note that the appearance energies were derived via linear extrapolations of sigmoid fits of the fragment ion abundances to the energy axis. While this is not the most elegant approach and, furthermore, we are assuming energy-independent branching ratios where multiple fragmentations are observed, the data do provide a semiquantitative comparison of the effect of the leaving group on the fragmentation process. This is illustrated by the reasonable correlation between the appearance energies for the formation of X − and the gas-phase acidities of the conjugate acids (HX) in Figure 2 . It should be noted, however, that some of the literature ΔH acid (HX) values are associated with considerable error bars (e.g. ± 28 kJ mol −1 for MsOH) and that several others had to be estimated.
From this correlation we can roughly estimate that the occurrence of reaction (1) for the simple carboxylates (i.e. X = HCOO, CH 3 COO, and H 2 N(CH 2 ) 3 COO) should have onsets at about 3 eV. Obviously, the lower thresholds of their competitive and specific fragmentations (i.e. loss of CO for formate, loss of ketene for acetate, and loss of C 4 H 7 NO for γ-aminobutyrate) suppress the formation of X − via reaction (1). 13 To gain more insight into the reaction mechanism and the possible neutral products (Scheme 3), we have investigated reaction (1) for X = CF 3 COO by means of density functional theory, where all energies are given relative to the deprotonated starting compound [1-H] − with X = CF 3 COO. For an initial pre-optimization, B3LYP calculations with the small 6-31+G* were performed, while the discussion refers to the results obtained with cc-pVTZ basis sets. The choice of X = CF 3 COO for the computational study was due to the good quality of the experimental data and negligible side reactions in conjunction with the moderate size and the absence heavier elements like phosphorus or sulfur.
We have first explored possible fragmentations of [1-H] − in the singlet ground state. Two possible scenarios are proposed. The elimination of the CF 3 COO − can be assisted by the closing of either an oxirane ring or a cyclopropanone ring. The first reaction pathway is associated with an energy barrier of 0.99 eV (TS 1 1/ 1 9) and leads to a van der Waals complex 1 9. The break-up of the complex 1 9 yields the oxirane product 1 7 concomitant with free CF 3 COO − . The concurrent fragmentation of [ 1 1-H] − leads via a larger energy barrier of 1.39 eV (TS 1 1/ 1 10) to a van der Waals complex 1 10, which after elimination of CF 3 COO − , yields the spirodione 1 4. The spirodione can further undergo a facile decarbonylation via the transition state TS 1 4/ 1 5 which is only 0.37 eV higher in energy and provide the enone product 1 5. Interestingly, both primary "C 6 H 8 O 2 " products 1 4 and 1 7 are almost isoenergetic and the barriers en route to these neutral fragments are lower than the exit channels themselves, i.e. there are no barriers in excess of the overall reaction endothermicities. Accordingly, the fragmentation is likely to be under thermochemical control and hence 1 4 and 1 7 both should be formed during the dissociation of
We explored the possible involvement of the biradical fragment 3 3. The formation of the biradical ( 1 [1-H] − → 3 3 + X − ) 14 requires only slightly more energy (2.10 eV, Table 2 ) than those of the singlet products 1 4 and 1 7 ( Figure 3 ). Given that the calculated energy demands for the formations of 3 3, 1 4, as well as 1 7 are all within the range of the experimental estimate of AE = (2.2 ± 0.2) eV for X = CF 3 COO (Table 1) , the apparent CID threshold from experiment cannot be used as a criterion to distinguish these channels. A reasonable agreement between the computed and experimentally found endothermicities associated with the formation of CF 3 COO − also lends further support the calibration of the energy scale used in the CID experiments. 15 The major difference among the possible products concerns their spin multiplicities. Given that the reactant ion 1 [1-H] − is a singlet, formation of 3 3 would require a spin flip along the reaction coordinate ("two-state reactivity"), 16 whereas formation of 1 4 and 1 7 can proceed on a single spin surface as depicted in Figure 4 . Though it is often implied that effective spin changes require the presence of heavy elements and/or transition metals, some rather simple CHO compounds have been shown to obey two-state scenarios in their dissociation (e.g. CH 3 O + , C 2 O 2 , and C 2 O 4 2+ ). 17, 18 Hence, the spin argument cannot be used to a priori exclude the high-spin product 3 3. 19 If we consider the singlet and triplet potential energy curves calculated along the elongated C-C bond of the spirodione and the shortened the C-C bond of the biradical (Figure 4) , we find that the crossing of both curves is located about 0.5 eV above the respective minima. Another aspect, perhaps unusual for synthetic chemists, is that structure 3 does exist only as a triplet and structure 4 only as a singlet, in that neither 1 3 nor 3 4 are minima on the respective potential energy surface. Intersystem crossing of 3 3 to the singlet surface is thus associated with a ring closure to afford 1 4 and the reverse process corresponds to ring opening (Scheme 3).
The high strain energy of the cyclopropanone 1 4 prompted us to probe its rearrangement via hydrogen migration. Though the resulting ketene 1 8 is significantly more stable than 3 3 as well as 1 4 (Table 2), the energy barrier resulting from the associated transition structure TS 1 4/ 1 8 (E rel = 3.48 eV) excludes this as a relevant intermediate in the experiment. Likewise, a tautomer of 1 8, (4-hydroxyphenyl) ketene 1 8′, is rather stable, but not accessible in a direct rearrangement from either 3 3 or 1 4. Furthermore, decarbonylation of the diradical 3 and the spiro compound 1 4 that affords quinomethane 5 in either spin state is quite favorable if the singlet products are formed, but the barriers involved (TS 3 3/ 3 5, E rel = 2.80 eV and TS 1 4/ 1 5, E rel = 2.36 eV) appear too large to account for the experimental findings.
Correlating the experimental data (apparent thresholds and energy behavior) as well as the theoretical findings (minima, barriers, and spin states), we conclude that close to the threshold reaction (1) for X = CF 3 COO can lead to the cyclopropanone 1 4 or the oxirane 1 7 with nearly equal probability. At elevated energies the triplet biradical 3 3 may also contribute. We note in passing that B3LYP/cc-pVTZ predicts the gas-phase acidity of CF 3 COOH in the correct range (1371 kJ mol −1 compared to the experimental value of 1355 ± 12 kJ mol −1 ).
In addition, some phenacyl compounds with differently substituted aromatic moieties were probed in order to elucidate possible electronic effects. The influence of methoxy substitution was examined for X = (EtO) 2 (O)PO, where AE(X − ) = 2.43 eV was obtained for the unsubstituted parent p-hydroxyphenacyl compound (Table 1) , whereas the 2-methoxyand for 3,5-dimethoxy phenacyl ions gave AEs of 2.42 eV and 2.34 eV, respectively. These differences are, however, within the experimental error margins of about ± 0.05 eV in the relative and ± 0.2 eV in the absolute CID thresholds. For cyano-substituted phenacyl derivatives with X = CH 3 COO as potential leaving groups, again, no formation of X − was observed and loss of ketene prevailed instead with thresholds of 2.90 eV for the 2-cyano and 2.96 eV for the 3-cyano compared to only 2.52 eV for the all-H compound. The emerging trends for substitutions of the phenacyl core can by and large be attributed to mere thermodynamic effects operating on the respective reactant anions [1-H] − . Thus, donors such as methoxy substituents, are expected to decrease the electron affinity of the neutral counterpart [1-H] • and thus also decrease the stability of the [1-H] − anion. However, in the products resulting from dissociation of [1-H] − according to reaction (1), the substituents in the phenacyl core end up in the neutral product and mere electron-withdrawing or -donating effects thus become much less important. Hence, for a given X, the dissociation threshold is likely to be determined more by the thermochemical properties of the precursor ion [1-H] − . Consistent with this line of reasoning are the significantly elevated AEs of the cyanosubstituted derivatives, where the electron withdrawing substituents primarily stabilize the precursor [1-H] − , whereas the corresponding effect on the neutral product of reaction (1) is much smaller. In fact, these findings parallel the photochemistry in the condensed phase. In a comparative investigation of a broad range of substituent effects that included F, MeO, CN, CO 2 R, CONH 2 , and CH 3 on the photochemical rearrangements of p-hydroxyphenacyl esters, there was little effect on either the rate or the quantum efficiency for the photoFavorskii rearrangement and the release of the acid leaving group or on the lifetimes of the reactive triplet state. 20 
Conclusions
Collision-induced dissociation of mass-selected p-hydroxyphenacyl derivatives as their conjugate bases, i.e. − O-C 6 H 4 -C(O)-CH 2 X, with various leaving groups X were probed by means of ion-trap mass spectrometry. The losses of X − concomitant with formal generation of "C 8 H 6 O 2 " have surprisingly small thresholds and occur with high efficiencies once the reaction endothermicity is provided in the collision experiments for most leaving groups X. Simple carboxylates such as X = HCOO or CH 3 COO, however, follow different fragmentation pathways. Detailed computational studies using density functional theory for X = CF 3 COO reveal a competition of two pathways and two spin surfaces for the loss of trifluoroacetate from the conjugate base of p-hydroxyphenacyl. In fact, we face a situation in which C-X bond heterolysis leads to cyclopropanone 1 4 and oxirane 1 7 on the singlet surface and to the biradical 3 3 for triplet spin. The energy demands of about 2 eV for all three pathways are too close to each other to allow an assignment of the preferred route with regard to the errors in both theory and experiment. Nevertheless, crossing between 3 3 and 1 4 is expected to be facile at ambient temperatures, and structure 4 may be regarded as a direct precursor for the formation of p-hydroxyphenylacetic acid and quinomethane 5 that hydrolyzes to 6.
Last, but not least, let us phenomenologically try to extrapolate the gas-phase data to the condensed phase. At first, it is obvious that the phenoxide group will experience a significant stabilization upon solvation, such that the activation energy associated with C X bond heterolysis is expected to be larger in solution. Next, several rearrangements which are relatively difficult in the gas phase, in particular the tautomerizations 4 → 8 and 8 → 8′, will proceed much more efficiently in protic solvents. In fact, an intimate interaction of water molecules with intermediates such as 4 may very much facilitate the interconversion to derivatives of phenylacetic acid. In future studies, we will try to address the latter aspect by investigation of the gas-phase chemistry of partially solvated ions derived from phydroxyphenacyl precursors using not only CID, but also experiments at elongated reaction times in the presence of water and possibly also spectroscopic methods. 9
Experimental and computational details
The measurements were performed with an ion-trap mass spectrometer (IT-MS) which has been described elsewhere 21 by electrospray ionization of dilute methanolic solutions of the p-hydroxyphenacyl derivatives HO-C 6 H 4 -C(O)-CH 2 -X. In brief, our IT-MS bears a conventional ESI source consisting of the spray unit (typical flow rate 5 μl/min., typical spray voltage 5 kV) with nitrogen as a sheath gas, followed by a heated transfer capillary (kept at 200 °C), a first set of lenses which determines the soft-or hardness of ionization by variation of the degree of collisional activation in the medium-pressure regime, 22-24 two transfer octopoles, and a Paul ion-trap with ca. 10 −3 mbar helium for ion storage, manipulation, and a variety of MS n experiments.21 ,25 In the ESI source, the sample solution is evaporated at room temperature in the presence of a nitrogen stream and assistance by a kV voltage. The spray then passes through a high-temperature zone (typically operated at 200 °C) that facilitates droplet shrinkage and propels the spray into the differential pumping system. The nascent ions are then transferred to the mass spectrometer. For detection, the ions are ejected from the trap to an electron multiplier. Note that in the standard mode of operation, the IT-MS used has a low-mass cut-off at m/z 50. 13 In the present experiments, the instrument was operated in negative ion mode, the corresponding deprotonated ions − O-C 6 H 4 -C(O)-CH 2 -X (X = leaving group) were mass-selected, and then subjected to collisioninduced dissociation (CID) by application of an excitation AC voltage to the end caps of the trap to induce collisions of the isolated ions with the helium buffer gas. In a CID experiment, the ion of interest is gradually excited kinetically and allowed to collide with helium as a non-reactive collision partner which causes ion fragmentations. Note that rearrangements themselves are "invisible" in standard MS because these are not associated with mass changes. When the CID experiments are conducted at variable collision energies, quantitative reaction thresholds can be derived. 26 In the present IT-MS experiments, we used an ion-excitation period of 20 ms, for which we have recently introduced a phenomenological linear conversion factor for the extraction of approximate appearance energies (AEs) based on comparisons with reference molecules of known bond strengths, 15 i.e. Ag(CH 3 OH) + , Ag(CH 3 OH) 2 + , and Fe(C 5 H 5 ) 2 + as suggested by O'Hair and coworkers 27 as well as Cu(C 5 H 5 N) 2 + . 28 In brief, the AEs are derived from a sigmoid fit of the fragment ion abundances as a function of the collision energy. 29 We note that the agreement between the AE derived experimentally and the theoretical prediction for X = CF 3 COO (see below) can be regarded as an additional test for the conversion scheme from relative to absolute collision energies in IT-MS and its applicability to gaseous anions. 15 Furthermore, it is important to recognize that the threshold energies are determined by the highest point in energy the system has to pass prior to fragmentation and AEs can thus reflect either thermodynamic or kinetic control. Due to the presence of some residual water in the ion trap, some very reactive ionic species tend to rapidly associate with this background water during the time of trapping. 30 These adducts are summed accordingly into the primary fragments.
Ab initio calculations were performed using the Gaussian03 package 31 at the B3LYP level of theory with the cc-pVTZ basis set. 32 The minimum geometries were obtained from ab initio optimization and further checked by frequency analysis with the same method and basis set. At this level of theory, all stationary points discussed had only positive frequencies and thus correspond to genuine minima. Harmonic frequency analysis was also used to obtain thermochemical data. All calculations refer to the gaseous state in that additional solvation, aggregation etc. is deliberately not included in order to match the present experimental conditions.
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Refer to Web version on PubMed Central for supplementary material. In addition, the graph shows the characteristic energy E 1/2 at which 50 % of the parent ion fragments and the appearance energy AE derived from linear extrapolation of the slope at E 1/2 to the baseline. Correlation of the experimentally determined appearance energies (in eV) for the formation of X − upon CID of mass-selected − O-C 6 H 4 -C(O)-CH 2 -X ions and the gas-phase acidities of the conjugate acids (HX). B3LYP/cc-pVTZ singlet potential energy surface for the fragmentation and rearrangements of [1-H] − . Energies are given in eV and refer to 0 K (the energies in brackets are obtained at B3LYP/6-31+G* level of theory). Only the most relevant channels are shown; for others see Table 2 . Estimated surface crossing (energies in eV) between the opening spirodione (blue, singlet) and the closing diradical (red, triplet) derived from B3LYP/6-31+G* geometry optimizations with fixed length of the (opening/closing) C-C bond.
Scheme 1.
Photo-induced Favorskii rearrangement of p-hydroxyphenacyl derivatives.
Scheme 2.
Relevant isomeric structures of the intermediate "C 8 H 6 O 2 " species (structure 5 has lost CO).
Scheme 3.
Possible neutral "C 8 H 6 O 2 " products for loss of X − upon CID of − O-C 6 H 4 -C(O)-CH 2 -X and their notation in the theoretical studies including the spin states (X = CF 3 COO); ISC stands for intersystem crossing between the spin states. 
